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The Interplay of Electronics and Vacuum Technology” 


J. M. LAFFERTY}, FELLOW, IRE, AND T. A. VANDERSLICET 


Summary—Historically, vacuum technology has played an im- 
portan’ part in the development of electron tubes. The operating 
characteristics of many early devices were dependent on the degree 
of vacuum obtained. The Roentgen X-ray tube and the Braun cath- 
ode-ray tube are examples of these. Improvement in vacuum tech- 
nology made possible the development of many truly high-vacuum 
devices in which performance is independent of the inclosed gas 
pressure. Many modern electronic components no longer operate in 
a vacuum but are dependent on vacuum technology in their fabrica- 
tion. These include microminiature circuit elements, cryotrons, pho- 
toconductor-electroluminescent devices and ferromagnetic memory 
systems—all dependent on vacuum evaporated films. Electronic 
components have also played an important part in the development 
of modern vacuum technology. These include thermistor gauges, 
electronic ionization gauges, ion pumps and electronic leak-detection 
equipment. This paper is devoted to a review of modern ultra-high 
vacuum systems and the electronic components used in them. 


INTRODUCTION 
| | ISTORICALLY, vacuum technology has played 
“4 


an important part in the development of electron 

tubes. The quality and life of these devices have 
been dependent on the ability to produce and maintain 
a high vacuum in them. In many of the early tubes, it 
was impossible to obtain a high vacuum. This led to the 
development of tubes which were, in many cases, de- 
pendent on some gas being present for their successful 
operation. The presence of gas in the tube placed a 
serious limitation on the voltage which could be applied 
without complete breakdown. An example of this is the 
cold-cathode X-ray tube. The characteristics of the 
early Roentgen “gas” X-ray tube depended markedly on 
the gas pressure in the tube. The electron stream in 
these tubes was produced by a low-pressure gas dis- 
charge. The current, applied voltage, and gas pressure 
were all interdependent. It was not uncommon in those 
days for a radiologist to use a series of tubes at different 
gas pressures to produce X rays of various energies or 
voltages. It was not until the highly evacuated Coolidge 
tube, with a hot tungsten filament to supply the elec- 
trons, was developed that the current could be adjusted 
independently of the applied voltage. The controllable 
features of the Coolidge tube have greatly facilitated re- 
search and engineering applications of X rays, particu- 
larly where precise control is required. 

Another tube in which the degree of evacuation has 
played an important part in its performance is the 
cathode-ray tube. In the early Braun cathode-ray tube 
the electrons were liberated and concentrated by means 
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of a gas discharge. The gas present in these early tubes 
was not dense enough to cause serious scattering of the 
electrons in the beam, but some of the gas molecules 
lying in the path of the beam were ionized and formed 
a positive ion core in the beam. The converging electric 
field produced by the positive core produced a definite 
concentrating action on the electron beam. The strength 
of this focusing action is dependent on the rate of ioniza- 
tion, which in turn depends upon the nature and pres- 
sure of the gas and the electron-beam voltage and den- 
sity. Gas focusing cathode-ray tubes were by necessity 
slow-speed devices because of the long transit times for 
the ions. The attainment of a higher degree of vacuum 
in the cathode-ray tube made possible the development 
of the modern oxide-coated cathode electron gun by 
Zworykin in 1933. However, even today, the vacuum 
technology as practiced in modern cathode-ray televi- 
sion picture-tube processing has not progressed to the 
point where gas ionization effects are completely absent. 
Positive ions formed in the beam strike the cathode and 
limit its life by sputtering. This has been corrected to a 
large extent by the ion-trap gun. Before the aluminized 
backing was added to the television picture tube, diff- 
culty was frequently encountered with ion-spot burn of 
the phosphor in the center of the face plate. This was 
caused by bombardment of the phosphor by high-veloc- 
ity negative ions formed by electron attachment. 

Electron-beam spread due to space charge is reduced 
in many modern microwave beam-type tubes by a posi- 
tive ion core. In many devices this effect is enhanced by 
adding ion-trap electrodes at the ends of the beam to re- 
tain the ions and prevent their draining into the cathode 
or electron-accelerating region of the device. 

Many of our modern electronic components no longer 
depend on a discharge in vacuum; nevertheless, vacuum 
technology plays an important part in their manufac- 
ture or processing. One of the most important processes 
is vacuum evaporation of materials for microminiature 
circuit elements. This involves the evaporation of thin 
films for passive circuit elements such as resistors and 
capacitors as well as superconducting films for cryotrons 
in logic and memory circuits. Vacuum evaporated ferro- 
magnetic films are used in computer memory systems. 
Several electro-optical elements involving photocon- 
ductor-electroluminescent combinations are made by 
vacuum deposited films. Lack of reproducibility and uni- 
formity in these devices are frequently associated with 
poor vacuum conditions. In order to maintain uniform- 
ity in some of these components which are particularly 
sensitive to impurities, it is necessary to carry out the 
evaporation process under ultra-high vacuum conditions 
at pressures of 107!° mm Hg or better. 
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The testing of electronic components under conditions 
simulating free space will probably require pressures as 
low as 10~'§ mm Hg. 

It is interesting to note that, while vacuum technology 
has historically played an important part in the develop- 
ment of electronic components and will continue to do so 
in the future, electronic components are playing a role of 
increasing importance in the development of modern 
vacuum technology. The modern vacuum system uses 
semiconducting thermistor gauges for measuring rela- 
tively high pressures, electronic ionization gauges for 
measuring low pressures, and ion pumps for producing 
low pressures. Leaks are detected in vacuum systems 
and various other devices by electronic leak detectors 
using mass spectrometers, scintillation counters, Geiger- 
Miiller tubes, and negative-ion detectors with their 
associated electronic circuitry. 

This paper is devoted to a review of modern ultra- 
high vacuum systems and the electronic components 
used in them. 


Low PRESSURE MANOMETERS 


Low gas pressures are measured by many different 
types of gauges. They may be classified, according to 
the basic principles involved, as follows: 1) Manometers 
which use mercury or some very nonvolatile liquid. The 
familiar U-tube manometer, and the well-known McLeod 
gauge are examples of these. 2) Mechanical manometers 
which depend on the measurement of the mechanical 
deformation suffered by a thin wall or diaphragm under 
pressure. Gauges of this type include the Bourdon 
spiral and aneroid barometer. 3) Viscosity manometers 
which depend on the viscous drag in a gas or involve the 
transfer of momentum by a gas. In the decrement type 
of viscosity gauge, a surface is set in oscillation and the 
rate of decrease of amplitude of oscillation is taken as a 
measure of the pressure. In the rotating disk or molecu- 
lar gauge, a surface is set in continuous rotation and the 
amount of twist imparted to an adjacent surface is used 
to measure the pressure. The molecules striking the 
moving surface acquire a momentum in the direction of 
motion which they tend in turn to impart to the other 
surface. 4) Radiometer-type manometers, which de- 
pend on a mechanical force exerted between two sur- 
faces maintained at different temperatures in a gas at 
low pressure. Instruments of this type are the Crookes 
radiometer and the Knudsen gauge. In these devices the 
molecules striking the hotter surface rebound with a 
higher average kinetic energy than those that strike the 
colder surface. Consequently, a momentum is imparted 
to the hot surface which tends to make it move. 5) 
Heat-conductivity-type manometers, which involve the 
effect of pressure on the rate of heat transfer. Gauges of 
this type are the thermocouple gauge, the Pirani re- 
sistance gauge and the thermistor gauge. These gauges 
all depend on the loss of heat from a surface by conduc- 
tion through the gas at pressures where the distance be- 
tween the hot and cold surfaces is less than the mean 


Lafferty and Vanderslice: Interplay of Electronics and Vacuum Technology 


1137 


free path. 6) Ionization gauges which depend on the col- 
lection and measurement of ions formed by collisions be- 
tween the gas molecules and high-velocity electrons or 
other energetic particles. 

Fig. 1 shows the approximate operating range of pres- 
sure of the gauges just described. Major advances have 
been made in electronic methods of measuring pressure 
rather than in mechanical methods. The operating pres- 
sure range for ionization gauges has been extended in 
both directions from about 1 to 10-% mm Hg. As low- 
pressure measurements have taken on more sophistica- 
tion there has been a trend towards the use of partial- 
pressure gauges (mass spectrometers) for the identifica- 
tion of individual gaseous components. These mass 
spectrometers have taken on a variety of forms from the 
older magnetic-deflection types with secondary emission 
multipliers to increase the sensitivity and sweep rate to 
the more modern time-of-flight instruments and ion- 
resonance devices using RF fields and strong-focusing 
quadrupole lenses. 
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PRESSURE IN MILLIMETERS OF MERCURY 


Fig. 1—Chart showing operating pressure ranges 
for different types of gauges. 


Triode Gauges 


The ionization gauge, in the form of a simple triode 
tube structure, is one of the oldest [1], [2] and still most 
widely used devices for measuring gas pressure under 
high-vacuum conditions. In this gauge, electrons from a 
thermionic cathode are accelerated through a positive 
grid structure. If the accelerating voltage is greater than 
the ionizing potential of the gas, there is a finite proba- 
bility that the electrons will ionize the gas molecules on 
colliding with them. For a given geometry and constant 
grid voltage, the number of positive ions formed will be 
proportional to the gas pressure, provided the pressure is 
so low that any one electron does not make more than 
one ionizing collision during its flight. The number of 
positive ions produced is also proportional to the elec- 
tron emission, provided space charge effects are negli- 
gible and do not alter the potential distribution in the 
gauge. A constant fraction of the ions produced is col- 
lected by an electrode which usually surrounds the 
grid and is negative with respect to the cathode. A meas- 
ure of the resulting ion current gives an indication of 
the gas pressure. Let 7, denote the positive-ion current 
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to the ion collector, J, the electron-emission current to 
the grid or anode, and P the gas pressure in the ioniza- 
tion gauge at some standard temperature. Then under 
the operating conditions discussed above 

I, SVS IPs or Fe (1) 
where the proportionality constant S is called the sen- 
sitivity of the gauge. If 7, and /, are measured in the 
same units, S has the dimensions of reciprocal pressure. 
Obviously the sensitivity will depend on the nature of 
the gas present and the electrode geometry and volt- 
ages. 

It is not uncommon for a triode ionization gauge, 
such as the VG-1A, shown in Fig. 2, for example, to have 
a sensitivity of S=20/mm Hg for nitrogen. At a pres- 
sure of 10-* mm Hg, substitution in (1) shows that only 
one ion is produced by every 50,000 electrons that travel 
from the cathode to the anode. The factors which affect 
the low-pressure limit of the triode gauge are discussed 
in the next section on gauges for ultra-high vacuums. 

The upper pressure limit for most triode ionization 
gauges is about a micron. At higher pressures the ion 
current saturates, leveling off at a constant value inde- 
pendent of pressure. This is due to several effects. At 
high pressures the mean free path of the electrons be- 
tween collisions with the gas molecules becomes com- 
parable with the path length normally traveled by the 
electrons in going from the filament to the grid. Under 
these conditions the energy lost by the electrons in 
nonionizing inelastic collisions becomes important. The 
velocity of the electrons is reduced resulting in lower 
ionizing efficiencies during the latter part of their flight. 
The effective ionization potential [3] expressed in elec- 
tron volts or average energy lost by the electrons per 
ionizing collision may well be equal to nearly half their 
initial kinetic energy of 150 ev. 

The low-energy secondary electrons produced by 
ionizing collisions in a triode ionization gauge are, in 
most cases, not effective in producing further ionization. 
However, these electrons will be collected by the anode 
and measured with electrons emitted by the filament. If 
the total electron current to the grid is held constant 
during the operation of the gauge, as is often the case, 
the apparent gauge sensitivity will start to drop when 


these secondary electrons become comparable with the ° 


number of electrons emitted by the filament. It can be 
seen, by substituting numerical values in (1), that for 
the VG-1A with a sensitivity of S=20/mm Hg, the ion 
current, and hence, the secondary electron current 
would just be equal to the electron-emission current at a 
pressure of 5X10~ mm Hg, if the gauge could retain its 
sensitivity at this pressure. Actually, when the pressure 
becomes greater than a few microns, positive-ion space 
charge builds up around the cathode and an arc-like dis- 
charge is established. Under these conditions a char- 
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Fig. 2—The VG-1A triode ionization gauge. This popular high- 
vacuum gauge is outgassed by passing current through the grid 
and filament and by torching the envelope. The ion collector is a 
metallic film deposited on the wall of the envelope (Morse and 
Bowie). 


acteristic glow may be observed in the gauge. The ion 
collector becomes a probe immersed in a plasma and 
collects the random ion current arriving at the sheath 
surrounding it. This current is no longer dependent on 
the pressure and cathode emission current in the usual 
way. 

Another factor that leads to nonlinearity in an ioniza- 
tion gauge at high pressures is a decrease in the ion col- 
lection efficiency. At high pressures the ions may be 
scattered to other electrodes before reaching the col- 
lector. This results in a smaller fraction of the total ions 
produced being collected by the ion collector. 

Schulz and Phelps [4] have designed a high-pressure 
ionization gauge that takes these factors into account. 
Their gauge, the Westinghouse WX4145, shown in 
Fig. 3, operates in the approximate pressure range of 
10° to 1 mm Hg. It has been used for measuring the 
pressure of chemically active gases as well as rare gases. 
The gauge consists of a 5-mil thoriated iridium filament 
located halfway between two parallel plates of molyb- 
denum 3X3 inch spaced § inch apart. The electrons 
emitted by the filament pass across the 60-mil gap 
directly to the anode plate without oscillatory motion. 
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Fig. 3—High-pressure triode ionization gauge 
(Schulz and Phelps). 


This gives the electrons a short path length independent 
of pressure with little chance of making more than one 
collision in passing from the filament to the anode. The 
short path length and the low anode voltage (60 v) give 
the gauge a sensitivity of only 0.6/mm Hg for nitrogen. 
This limits the secondary electrons produced by ionizing 
collisions to less than 10 per cent of the electron-emission 
current, even at pressures of 0.15 mm Hg. To insure 
efficient ion collection, the ion-collector electrode is 
made large compared to the filament, and its potential 
is adjusted to —60 vy to assure parallel plane equipoten- 
tial surfaces between the electrodes. 


Philips Ionization Gauge 


Many of the difficulties associated with chemically 
active gases reacting with the filament in the hot- 
cathode ionization gauges have been overcome by 
the Philips ionization manometer developed by 
Penning [5]. In this gauge, electrons are ejected from a 
cold cathode of zirconium, thorium, or other active sur- 
face by bombardment with positive ions which have 
been accelerated by passage through the cathode fall of 
potential. These secondary electrons are deflected by 
means of a magnetic field so that they travel in long 
helical paths before reaching the anode. The total 
length of path traveled by the electrons in going from 
the cathode to the anode is many hundreds of times the 
direct distance between the two electrodes. As a result, 
the ionization produced per electron at any given pres- 
sure is considerably greater than would be obtained in 
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the absence of a magnetic field. The magnitude of the 
total discharge current, which is the sum of the positive- 
ion current to the cathode and the electron current from 
the same electrode, is used as a measure of the pressure 
of gas present, 

Fig. 4 shows theconstructionof the gauge. The manom- 
eter tube M contains a ring-shaped anode & located 
between the cathode plates P. The magnetic field (about 
370 oersteds) is applied by means of the permanent 
magnet H. A microammeter (to measure the current) 
and 1 megohm resistance are connected in series with 
the manometer across a de source of about 2000 v. 


Fig. 4—Philips cold-cathode ionization gauge (Penning). 


The Penning gauge does not have the accuracy of the 
hot-cathode triode gauge. Unstable oscillations gen- 
erally occur in the glow discharge, and cause unpredict- 
able jumps in the calibration curve. These discontinu- 
ities appear to be present in all gauges of this type, and 
may be as high as 10 per cent. In a later version of the 
gauge, Penning and Nienhauis [6] have improved the 
stability by replacing the ring anode with a cylinder. 

Penning gauges operate over a pressure range of about 
10-2 to 10-° mm Hg. At lower pressures it becomes difh- 
cult to initiate the discharge, and in some cases it may 
fail completely to strike. The discharge in the Penning 
gauge removes gas from the sytem by processes that are 
discussed in a later section on ion pumps. This causes 
the gauge to act as a pump and disturbs the pressure 
distribution in the system. The rate at which gas is 
pumped by these cold-cathode discharge gauges is from 
10 to 100 times greater than that of a hot-cathode triode 
gauge. For this reason they should be provided with a 
large tubulation with adequate conductance to prevent 
a pressure drop between the gauge and the vacuum sys- 
tem. Notwithstanding these disadvantages, the Penning 
gauge has found wide applications because of its sim- 
plicity and ruggedness. 
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Radioactive Ionization Gauges 


A novel type of cold-cathode gauge was developed 
by Downing and Mellen [7] in the laboratories of the 
NRC Equipment Corporation of Newton, Mass.; it 
was designated the “Alphatron,” to indicate that the 
ionization is produced by alpha particles. Fig. 5 shows a 
schematic diagram of the ionization chambers and 
electrical circuit. A de potential of 108 v is applied be- 
tween the ionization chambers and the ion collectors. 
The very small ionization current, produced by the 
alpha particles from the radium sources, is greatly 
amplified so that it can be read on a standard type of 
microammeter. The dc voltage, as wel! as the power for 
operating the amplifier, is obtained from the regular ac 
60-cycle, 110-volt supply. The radium sources are so 
constructed that a small quantity of radium in equilib- 
rium with its disintegration products, radon, radium 
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Fig. 5—Schematic sketch of the Alphatron ionization gauge which 
uses a radioactive source (Downing and Mellen). 
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A, radium B, and so forth, radiates alpha particles at a 
constant rate. Since radon, the first distintegration 
product of radium, is a gas, the source must be sealed in 
a plaque to prevent the loss of radon gas so that the suc- 
ceeding products may be held in the source and _ their 
alpha activity utilized. 

By using two ionization chambers, the Model 530 
Alphatron gauge is made to operate with a linear re- 
sponse for air from 10~* to 10? mm Hg. The large cham- 
ber has a volume of 51 cc and with a radium source of 
100 microcuries has a sensitivity for air of about 10—° 
a/mm Hg. In the three high-pressure ranges from 10 to 
1000 mm Hg the small ionization chamber is used in 
order to keep ionization current loss down due to volume 
recombination. The small chamber has a volume of 0.2 
cc, and with a radium source of 1.5 microcuries has a 
sensitivity for air of about 1.510-" a/mm Hg. 

The sensitivity of the Alphatron depends on the kind 
of gas being measured. Conversion factors for the more 
common gases which are to be applied to the output cur- 
rent meter are given in Fig. 6. Due to recombination, 
the readings for gases heavier than air are not linear in 
the pressure range of 100 to 1000 mm Hg. 

One obvious advantage of this gauge is that there is no 
filament to burn out and no possibility of chemical reac- 
tion between the gas and the cathode. It will also meas- 
ure higher pressures than the triode ionization gauges. 
On the other hand, there are certain precautions (dis- 
cussed very fully in the operating instructions) which 
have to be carefully attended to in using the gauge, in 
order to avoid any possible physiological effects arising 
from the radium emanation. 

Spencer and Boggess [8] and their colleagues at the 
University of Michigan have also developed a radio- 
active ionization gauge using tritium for the radioactive 
source. 
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Fig. 6—Relative response of the Alphatron gauge to various gases. 
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GAUGES FOR ULTRA-HIGH VACUUMS 


The conventional ionization gauge used prior to 1948 
was not capable of measuring pressures below about 
10-§ mm Hg. However, Nottingham and Apker had ob- 
served, in attempting to evacuate electronic devices to 
extremely low pressures, that thermionic and _ photo- 
electric emission characteristics indicated pressures 
much lower than 10-§ mm Hg. In 1947, Nottingham 
[9] presented evidence of a residual current to the ion 
collector which is completely independent of the pres- 
sure. This current is caused by photoelectrons ejected 
from the ion collector by soft X rays produced by 150- 
volt electrons striking the grid. Since the photoelectrons 
emitted from the ion collector cannot be distinguished on 
the current meter from the positive ions incident on the 
collector, there must exist a lower limit to the collector 
current, with decrease in pressure, which corresponds to 
pure photoelectric emission. For conventional gauges at 
normal operating voltages this X-ray photocurrent is 
about 210-7 times the anode current. Thus for a 
gauge with a sensitivity of S=20/mm Hg, the ion cur- 
rent to the collector would just be equal to the photo- 
electric current at a pressure of 10~* mm Hg. 


Bayard-Alpert Gauge 


A consideration of these problems led Bayard and 
Alpert [10] in 1950 to develop the inverted ionization 
gauge shown in Fig. 7. The filament is placed outside the 
evlindrical grid, and the ion collector, consisting of a 
very fine wire, is suspended within the grid. The usual 
potentials are applied to the electrodes, +150 v on the 


Fig. 7—The inverted triode ionization gauge (Bayard and Alpert). 


Lafferty and Vanderslice: Interplay of Electronics and Vacuum Technology 


1141 


grid and —45 v on the ion collector. Electrons from the 
filament are accelerated into the grid cylinder where 
they make ionizing collisions. A large fraction of the ions 
thus formed inside the grid are collected by the center 
wire. With this arrangement, the ion collector intercepts 
only a small fraction of the X rays produced at the grid. 
The small surface area of the collector wire presents a 
solid angle to the X rays from the grid that is several 
hundred times smaller than that for the conventional 
cylindrical collector. 

A unique feature of the Bayard-Alpert gauge is the 
logarithmic potential distribution in the ionizing region 
between the cylindrical grid and coaxial ion collector. 
Since the potential inside the grid is nearly uniform, ex- 
cept in the immediate vicinity of the collector wire, the 
electrons travel within most of the grid volume with an 
efficient ionizing energy of nearly 150 ev. This is a dis- 
tinct advantage over the conventional gauge, where the 
potential fall approximates a linear distribution between 
the grid and ion collector. In this case the electrons are 
decelerated to energies inefficient for ionization over a 
sizable portion of the volume between the grid and ion 
collector. 

The almost uniform energy of the electrons in the 
ionizing space of the Bayard-Alpert gauge has allowed 
Nottingham to identify residual gases by measuring the 
appearance potential for ionization. 

The second filament in the Bayard-Alpert gauge is 
electrically separated from the first, and not only serves 
as a spare, but may be used in connection with the 
flash-filament technique of estimating low gas pressure 
developed by Apker [11]. 

The glass sleeve around the ion collector lead prevents 
X rays from striking the large diameter lead-in wire, 
and provides a long leakage path between the collector 
and wall of the gauge which may become charged or 
electrically conducting from metallic deposits. 

Nottingham [12] and Alpert [13] have suggested 
modifications of the Bayard-Alpert gauge to improve its 
sensitivity. The cylindrical grid is closed at top and 
bottom and a second grid, acting as a screen grid, is in- 
stalled around all the electrodes. The purpose of closing 
the cylindrical grid is to prevent ions from escaping to 
the negatively-charged glass wall. At low pressures the 
ions may oscillate about the collector wire many times 
before being collected. Since the ions are likely to have 
velocity components parallel to the collector wire, they 
may escape through the ends of the grid before being 
collected unless the grid is closed. The screen grid shields 
the gauge from the wall charges. Operation of the screen 
grid at a negative potential causes the electrons to oscil- 
late several times through the positive grid before being 
collected. This increases their average path length and 
gives the gauge a higher sensitivity. In some cases the 
screen grid is made by coating the glass envelope with a 
conducting film that is connected to an external lead. 
These improvements have increased the sensitivity by 
factors of two or three. 
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Nottingham [14] reported finding that at normal 
calibrating pressures the ion collector in the modified 
Bayard-Alpert gauge did not collect a constant fraction 
of the ions generated inside the grid. He found that for 
nitrogen at a pressure of 2.4X10-* mm Hg the gauge 
may be in error by as much as a factor of 2 at emission 
currents of 100 wa and a factor of 6 at 1 ma. Correct 
readings are obtained at 10 wa and less. He observed 
similar effects to a smaller degree in the Bayard-Alpert 
gauge of type WL-5966. As the gas pressure is reduced 
the maximum permissible electron current increases in- 
versely with the square root of the pressure. Nottingham 
suggests that this effect may be due to positive-ion space 
charge in the vicinity of the ion-collector wire. 

The Bayard-Alpert gauge, in the form of the Westing- 
house WL-5966, has a sensitivity of S=12/mm Hg 
for nitrogen and has a linear calibration curve over the 
pressure range of 10~* to 10-4 mm Hg. The helium sen- 
sitivity is a factor of ten lower. Because of its simplicity 
of construction, ease of outgassing, and dual filaments, 
this gauge has found wide acceptance and use by work- 
ers in all phases of the high-vacuum field. 


Cold-Cathode Inverted Magnetron Gauge 


The Penning type of cold-cathode discharge gauge 
would appear to have certain advantages over the hot- 
cathode triode ionization gauges for measurement of 
ultra-high vacuums. There is no limitation on pressure 
measurements due to X-ray photoemission, since the 
number of electrons that strike the anode and produce 
the X rays decreases with the pressure. The vapor pres- 
sure of a hot tungsten filament also presents no limita- 
tions on the low-pressure limit. However, there are cer- 
tain inherent disadvantages in the operation of a Pen- 
ning gauge at pressures below 10-> mm Hg. In most 
gauges the discharge fails to strike below these pressures. 
The application of higher voltages to start and main- 
tain the discharge leads to field emission from the ion- 
collector electrode which cannot be distinguished from 
ion current by the external measuring circuit. This 
field-emission current establishes a lower-pressure limit 
for the operation of the Penning gauge analogous to the 
X-ray limit for the Bayard-Alpert gauge. To circumvent 
these difficulties Hobson and Redhead [15] designed an 
ionization gauge employing a cold-cathode discharge in 
crossed electric and magnetic fields. Their gauge, shown 
in Fig. 8, has the structure of an inverted magnetron 
with an auxiliary cathode. This geometry provides effi- 
cient electron trapping in the discharge region, and the 
auxiliary cathode provides the initial field emission for 
starting and allows the positive-ion current to be meas- 
ured independently of the field-emission current. The 
auxiliary cathode also acts as an electrostatic shield for 
the ion collector. The two short tubular shields, which 
project 2 mm into the ion collector from the auxiliary 
cathode, protect the end plates of the ion collector from 
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the high electric fields and provide the field emission 
which initiates the discharge. 

The gauge operates with an applied magnetic field of 
2060 oersteds and a potential of six kv on the anode. 
Under these conditions the relationship between ion 
collector current and pressure is given by 


ip = 0.L*, (2) 


where 2» is the collector current in amperes, P is the pres- 
sure in mm Hg, ¢ is a constant between 1 and 10, and » 
lies between 1.10 and 1.4 for various gauges. According 
to Hobson and Redhead, the value of 7 is essentially in- 
dependent of the anode voltage, and approaches unity 
as the magnetic field is increased. The dimensions of the 
gauge have little effect on the value of . In the theory 
of the Townsend discharge applied to the inverted 
magnetron gauge, Redhead [16] has pointed out that 
this nonlinear relationship between the ion current and 
pressure exists because the striking voltage is a slowly 
varying function of the pressure. 

Unlike the triode gauges, the sensitivity ratio of the 
inverted magnetron gauge for various gases is a function 
of pressure. The sensitivity ratio for helium to air de- 
creases with pressure and is also a function of the anode 
voltage. 

Oscillations were observed in the inverted magnetron 
gauge under most operating conditions. Discontinuous 
jumps in the mode of oscillation from one frequency to 
another give only small discontinuities in the current- 
pressure characteristics. 

The time lag between the application of anode voltage 
to the gauge and the initiation of the discharge becomes 
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Fig. 8—The cold-cathode inverted magnetron ionization gauge 
(Hobson and Redhead). 
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appreciable and variable at pressures below 107% mm 
Hg. At pressures near 10-" mm Hg the time lag was as 
long as ten minutes; however, it is reported that no 
gauges failed to strike. 

A commercial version of this gauge, type 2205-02, is 
now manufactured by the NRC Equipment Corporation 
of Newton, Mass. The commercial gauge operates over 
a pressure range from 10~* to 10-” mm Hg with a sen- 
sitivity of 4.5 a/mm Hg for air at 6000 v with a magnetic 
field strength of 1000 oersteds. 


Hot-Cathode Magnetron Ionization Gauge 


In order to extend the low-pressure limit of the con- 
ventional hot-cathode ionization gauge it is necessary, 
at a given emission current, to increase the ratio of the 
ion current to the X-ray photocurrent. As previously 
explained, this was accomplished in the Bayard-Alpert 
gauge by reducing the X-ray photocurrent without sub- 
stantial loss of gauge sensitivity. This ratio may also be 
increased by increasing the sensitivity of the ionization 
gauge. It is evident that if the gauge is modified in such 
a way that the electrons travel in longer paths before 
they are collected by the positive grid or anode, the 
probability of their colliding with and ionizing a gas 
molecule will be greatly enhanced and the sensitivity of 
the gauge will be improved with no increase in X-ray 
photoemission. Lafferty [17] has applied this principle 
in developing a hot-cathode magnetron ionization 
gauge for ultra-high vacuum use. In this arrangement, 
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Fig. 9—The hot-cathode magnetron ionization gauge (Lafferty). 


Lafferty and Vanderslice: Interplay of Electronics and Vacuum Technology 


1143 


shown in Fig. 9, a cylindrical magnetron is operated 
with a magnetic field greater than cutoff. Two end 
plates maintained at a negative potential relative to the 
cathode prevent the escape of electrons. One or both of 
these plates may be used to collect the positive-ion cur- 
rent generated in the magnetron. Electrons emitted by 
the tungsten-filament spiral around the axial magnetic 
field in the region between the negative end plates. If 
the magnetic field is sufficiently high, most of the elec- 
trons fail to reach the anode. Some of the electrons make 
many orbits around the cathode before being collected. 
The electron density is therefore increased by the pres- 
ence of the magnetic field and the probability of ionizing 
the gas is considerably increased. This is illustrated in 
Fig. 10, where the ion current to one end plate and the 
electron current to the anode are plotted as a function of 
magnetic field for a magnetron gauge with an anode 
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Fig. 10—Ion-collector current and anode electron current as a func- 
tion of magnetic field for the hot-cathode magnetron gauge. 
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15/16 inch in diameter and 1% inches long. The 8-mil 
hairpin tungsten filament is ~ inch long, separated 40 
mils at the base. The filament temperature is adjusted 
to give an emission current of 10~7 a with zero magnetic 
field. Under these conditions the ion-collector current is 
nearly 10-" a at a pressure of 10-® mm Hg. However, 
from measurements made in the 10-* mm Hg pressure 
range, the sensitivity of the gauge is known to be 30/mm 
Hg. Thus the true ion current at a pressure of 10~? mm 
Hg would be only 3 X 107" a, as shown by the dotted line 
in Fig. 10. The actual current measured in the ion-col- 
lector circuit is 30 times this value and is essentially all 
photocurrent produced by X rays from the 300-volt 
electrons striking the anode. From this it would appear 
that on the average one photoelectron is emitted by the 
ion collector for every million electrons striking the 
anode. As the magnetic field is increased and the elec- 
trons begin to miss the anode, their path length is in- 
creased. This is indicated by a sharp rise in the ion cur- 
rent and a drop in the electron current collected by the 
anode. At a magnetic field strength of 250 oersteds, the 
ion current is enhanced 25,000 times over what it would 
be without the field, and the electron current collected 
drops to 1/50 of its former value. The ratio of ion cur- 
rent to X-ray photocurrent is thus increased 1.25 10° 
times by application of the magnetic field. Since the cut- 
off current to the anode remains constant independent 
of pressure at these low pressures, the ion current to the 
collector would just equal the X-ray photocurrent at a 
pressure of 2.4X10-" mm Hg. Thus, pressures at least 
this low could be measured. In practice, the ability to 
read low pressure is limited by the sensitivity of the ex- 
ternal circuit used to measure the 1on current. 

Hot-cathode magnetron gauges have been shown to 
have extremely high sensitivities when operated in the 
ma electron-emission range at pressures of the order of 
10-> mm Hg [18]. However, they have always been 
subject to excessive pumping action and unstable oper- 
ation frequently associated with oscillations. Lafferty 
has found that these conditions may be avoided by 
operating the magnetron gauge at very low electron- 
emission levels. 


PARTIAL-PRESSURE GAUGES 


While the ionization gauges give a measure of the 
total residual pressure of the gases in a vacuum system, 
there are times when it would be highly desirable to 
know what these residual gases are. In the hot-plasma 
experiments related to fusion, it is important to know 
the purity of the gases involved since the presence of 
ions of large mass compared to the hydrogen isotopes 
tend to cool the plasma. Recent interest in determining 
the neutral and ionic components of the upper atmos- 
phere and beyond has stimulated the design of special 
equipment for this purpose. Successful rocket and satel- 
lite flights have already been made with the Bennett 
radio-frequency type of mass spectrometer. Many more 
such devices are sure to follow for space investigations. 
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Omegatron 


The omegatron, originally developed by Sommer, 
Thomas, and Hipple [19] for measuring atomic con- 
stants, has been used by Alpert and Buritz [20] as a 
mass spectrometer for measuring the partial pressures 
of the various gases in an ultra-high vacuum system. 
A simplified version of the omegatron capable of high- 
temperature outgassing as developed by Alpert and 
Buritz is shown in Fig. 11. 
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Fig. 11—Schematic diagram of a simplified version of the omegatron 
(Sommer, Thomas, and Hipple) developed by Alpert and Buritz. 


The operation of the omegatron is similar to that of 
the cyclotron. Electrons emitted from the hot filament 
are accelerated through a 1/16-inch-diameter aperture 
to form a 4-ua beam at 90 v. This beam, which produces 
ions in the ionization chamber, emerges through a 
second aperture and is collected by a collector plate 
biased positively with respect to the shield to suppress 
secondary emission. The parallel magnetic field /Z has a 
strong collimating action on the electron beam. The 
shield box forms a 2-cm cube. The RF plates, which form 
the top and bottom of the ionization chamber, are con- 
nected to a source of RF voltage (about one or two 
volts). These plates produce an RF field & across the 
ionization chamber perpendicular to the magnetic field. 
Ions formed by electrons colliding with the gas mole- 
cules within the electron beam are caused to spiral 
around the magnetic lines of force by their own thermal 
and dissociation energies. The radii of these spirals are 
very small and few ions would normally escape from the 
electron beam due to their own initial energy. However, 
the applied weak electric RF field causes the ions to be 
accelerated in Archimedes-like spiral orbits of increasing 
size provided the frequency of the applied RF voltage is 
the same as the cyclotron frequency of the ions. A 
trapping voltage that is positive with respect to the RF 
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plates is applied to the shield box to produce an electric 
field which retards the loss of ions in the axial direction 
of the magnetic field. This gives the RF field an oppor- 
tunity to act on the ions over a greater number of 
cycles. The spiral orbits terminate ona 1/16-inch-square 
ion-collector plate. The ion current to this electrode, de- 
tected by a vibrating-reed electrometer, is a measure of 
the abundance of the gas with a cyclotron frequency 
equal to applied frequency. 

_ Alpert and Buritz report that an omegatron of this 
_ design has a sensitivity of S=10/mm Hg which is com- 
parable to that of an ionization gauge. With a magnetic 
field intensity of 2100 oersteds the RF oscillator must be 
swept from 3.2 Mc to 81 ke to cover a mass range from 1 
to 40. There is some discrepancy between the observed 
and calculated frequency for a given mass, presuma- 
bly due to lack of uniformity of the RF field. However, 
the instrument has adequate resolution up to at least 
mass 40. 

An analysis of the ion motion in the omegatron has 
been made by Sommer, Thomas, and Hipple [21] 
assuming a uniform sinusoidal varying RF field normal 
to a constant magnetic field. The results of their study 
may be summarized as follows: 

Cyclotron or resonant frequency: 


Number of revolutions made by ions betore reaching 
collector at resonance: 


9 


Ro 


n = 3.06-107° 


Ey)M 
Time for ions to reach collector at resonance: 


RoH 


t = 0.02 


Sr isece 
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Length of spiral path for ions at resonance: 
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Final energy of resonant ions at collector: 
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Maximum radius attained by nonresonant ions 
differing in mass by the amount AJ from the 
resonant ions of mass AV: 
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of resonant peak, theory assumes parallel-sided 
peaks) : 

M _ RoH? 

See: 1058 a 

AM EyoM 
where 


Eo=peak value of sinusoidal RF field in v/cm, 

M=mass of ion in atomic mass units, 

Ro=distance from electron beam to ion collector 
in cm, and 

H=magnetic field intensity in oersteds. 


If these equations are applied to the Alpert and Buritz 
omegatron it is found that if one assumes Ay) =1 v/cem, 
Ro=1cm and H= 2100 oersteds, then for helium the re- 
quired radio frequency for resonance is 810 ke. At 
resonance the helium ions will spiral around 34 times 
traveling about one meter in 42 usec before being col- 
lected. The helium ions will gain 53 ev of energy from 
the RF field. At the resonance frequency for helium, the 
molecular ions of hydrogen travel less than 0.4 mm away 
from the electron beam. The resolution is nearly 53. 

The resolution of an omegatron may be improved by 
operating at low RF voltages. However, under these 
conditions the ion-path length becomes large and the de- 
vice must be operated at low pressures to prevent scat- 
tering. Further effects of varying the operating param- 
eters on the performance of the omegatron are dis- 
cussed by Edwards [22]. 


Magnetic-Deflection Mass Spectrometers 


Mass spectrometers of the magnetic-deflection type 
have also been used in measuring the residual gases in 
ultra-high vacuum systems. Reynolds [23] has de- 
scribed a high-sensitivity mass spectrometer for noble 
gas analysis. A nine-stage electron multiplier with 
magnesium-silver dynodes is used to give a gain in the 
range of 10’ to 10° electrons per ion. This increase in sen- 
sitivity permitted Reynolds to measure partial gas 
pressures of the order of 10~” mm Hg. A total pressure 
of 5X107'° mm Hg was achieved during operation of the 
spectrometer after rigorous bakeouts. 

A small, portable, magnetic-deflection-type 
spectrometer with a secondary emission electron multi- 
plier has also been developed by Davis and Vanderslice 
[24] for studying residual gases at ultra-high vacuums 
and for making transient pressure studies. This device 
is shown in Fig. 12. Because of its small size, it has the 
advantage that it can be sealed directly to the tube or 
system being investigated and is easily transportable. 
The spectrometer may be baked out at 450°C and 
operated at ultra-high vacuums when properly processed. 

The design consists of a 90° sector-5-cm radius of 
curvature magnetic analyzer which will resolve adja- 
cent mass peaks up to about mass 140. A Nier-type ion 
source is used and the ion detector is a ten-stage Du- 
Mont 6467 electrostatically focused electron multiplier 
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Fig. 12—A small portable mass spectrometer with secondary emis- 


sion multiplier for the study of transient pressure phenomena at 
ultra-high vacuums (Davis and Vanderslice). 


with a gain of one to ten million. The sensitivity of this 
spectrometer is in the range of 0.02 to 0.2/mm Hg with- 
out the multiplier. Assuming that the lowest current 
which can be conveniently measured is 10~™ a, this 
spectrometer, without the multiplier, could be used to 
detect partial pressures of about 107!° mm Hg. With the 
multiplier, the output current is increased by a factor of 
10° to 107, but because of the multiplier dark current, a 
gain in sensitivity of only 10% can be realized at room 
temperature. Under normal conditions a dark current of 
10-!° a was obtained. With a multiplier gain of 10’ this 
corresponds to an equivalent ion current of 107" a. 
This is equal to the signal current that would be pro- 
duced by a partial pressure of 10~- mm Hg. Cooling the 
multiplier in liquid nitrogen or counting individual ion 
pulses reduces the dark current by a factor of 100, mak- 
ing pressures of the order of 10~° mm Hg measurable. 
An additional advantage of the multiplier is that it 
raises the signal level to a point where a low output load 
resistance may be used to give a short response time. 
This makes it possible to scan the mass range and dis- 
play the spectrum on an oscilloscope. Several ion species 
may thus be observed almost simultaneously during a 
The 
saw-tooth voltage which is available on a Tektronix 545 
scope and automatically synchronized with the display 
makes an excellent source of sweep voltage. Fig. 13 
shows an example of an oscilloscope display for the iso- 
tope spectrum of CO* obtained after bakeout at a pres- 
sure of 6X10-§ mm Hg. The mass peaks 28, 29, and 30 
Cy3O0ig+, and Cy2018* respectively. 
2. This spectrum 


transient pressure or composition phenomenon. 


correspond to Cy2Oi6", 
These peaks occur in the ratio 100:1:0. 
msec per unit mass. 
been 
At the higher sweep rates the familiar 


was taken at a sweep speed of 3 
Sweep rates as high as 1.5 usec per unit mass have 
used successfully. 
well-defined mass peaks degenerate into groupings of 
pulses due to the collection of individual ions. 
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Fig. 13—Oscillogram of CO* isotopes taken at 6X10~* mm Hg with 
a sweep speed of 3 msec/unit mass with the spectrometer shown 
in Fig. 12. 


VACUUM SYSTEMS 

For any operating vacuum system there will be estab- 
lished a stationary pressure P., which corresponds to the 
equilibrium between the flux of gas into the system and 
rate of exhaust. This rate of flow of gas Q into the sys- 
tem may arise from desorption from the walls of the sys- 
tem, back diffusion from the pumps, or atmospheric gas 
permeation of the walls. For a system of volume V and 
pumping speed S, the rate of reduction of pressure is 
given by 


dP S O 
ey (3) 
dt V V 


For the simple case in which S and Q are constants, in- 
dependent of pressure, the solution of this equation is 


p= 24 (r—L)enwm, (4) 
S S 


where V/S is now the pumping-time constant or char- 
acteristic pumping time of the system, 7.e., the time re- 
quired to pump the system down to 0.368 of its initial 
pressure Po. The equilibrium pressure finally attained in 


the system will be 


P,=—- (5) 


1961 


Obviously, then, to achieve ultra-high vacuum it is 
necessary that the rate of gas leakage into the system 
divided by the pumping speed of the system be small. 

In order to keep the influx of gas low, it is necessary to 
keep back diffusion from pumps at a minimum by using 
effective traps with low-backstreaming pumps. 

Desorption from walls of the system is a major source 
of gas, and this is generally decreased by baking the 
system to temperatures up to 500°C or by immersing 
the system in a refrigerant such as liquid helium [25]. 
The required high-temperature bakeout makes the use 
of stopcocks, glass taper fittings, wax, etc., impractical. 

The leak rate of gas through the walls of the system 
must be small. Alpert and Buritz [26] have shown that 
the ultimate limit to the achievement of very low pres- 
sures in glass systems Is fixed by the diffusion of atmos- 
pheric helium through the walls of the system. They 
measured this rate for borosilicate glass as approxi- 
mately 10-'!* mm 1/sec/cm?. A one-liter system with a 
surface area of 1000 cm? would require a pumping speed 
of only 0.01 1/sec to maintain a pressure of 107'° mm 
Hg. Norton [27] has made measurements of the per- 
meation rate of helium through various glasses and the 
results are shown in Fig. 14. The rate for borosilicate 
glass is in substantial agreement with the value given by 
Alpert and Buritz. 

As the graph shows, the permeation of atmospheric 
helium can be decreased by a selection of the glass used 
in the vacuum system. Corning 1720, for example, has a 
permeation rate 10~° lower than ordinary borosilicate 
glass (Corning 7740). Since the diffusion rate of helium 
is much lower through crystalline materials than 
through glass, it is expected that an all ceramic-metal 
system would have a low permeation rate for helium and 
that the ultimate pressure would only be limited by the 
outgassing of the metal and ceramic. 

Another limit to the achievement of low pressures is 
the finite vapor pressure of the tungsten filament in the 
ionization gauge. At 2300°K, for example [28], the 
vapor pressure is 10-" mm Hg. This limits the tempera- 
ture to which a tungsten filament may be heated in an 
ultra-high vacuum ionization gauge. However, lan- 
thanum boride [29] produces 10 ma emission at 1000°K 
and the vapor pressure is about 10~ lower than tung- 
sten at the same electron-emission current density. 

In the past few years, a variety of components 
specifically designed for ultra-high vacuum systems 
have become available. A discussion of these follows. 


Pumps For ULtrRA-H1iGH VAacuuM 
Diffusion Pumps 


The operation of a diffusion pump depends on the 
effusion of gas molecules from the region being evacu- 
ated into the directed vapor stream of the pump [30]. 
Some of the directed momentum of the vapor molecules 
is imparted to the gas molecules in the system thus 
creating a pressure gradient causing the gas to flow 
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Fig. 14—The log of the permeation velocity A of helium plotted 
against the reciprocal of the absolute temperature 7 for various 
glasses. K is in units of cm’ gas (NTP/sec/cm? area/mm thick- 
ness/cm Hg gas-pressure difference). Curve A) Lead borate glass. 
B) X-ray shield glass. C) Combustion tubing Corning No. 1720. 
D) Soda-lime glass Corning No. 0080. E) Phosphate glass. F) Boro- 
silicate glass Kimball No. 650. G) Chemical Pyrex-brand glass 
No. 7740. H) Fused silica. 1) Vycor-brand glass. 


through the pump. This process is independent of pres- 
sure once the pressure had been lowered by a backing 
pump to a value at which molecular flow or effusion can 
occur and the pumping speed will rise to a plateau value 
and remain there for all lower pressures. The rate of gas 
evolution from the pump itself becomes significant at 
lower pressures and eventually exceeds the measured 
rate of introduction of gases into the pump from the 
vacuum system. Eventually, then, the net pumping 
speed of the diffusion pump falls to zero due to the gas 
evolution and backstreaming of the pump fluid from the 
pump itself. 

Hagstrum [31] and Becker and Hartman [32] at the 
Bell Telephone Laboratories have used mercury- 
diffusion pumps with liquid-nitrogen-cooled traps to at- 
tain ultra-high vacuum. Recent experiments by Venema 
and Bandringa [33] have demonstrated that a properly 
designed mercury pump and a series of traps will attain 
a vacuum of at least 107" mm Hg. Vanderslice has 
achieved a pressure of 3X10~-" mm Hg at room tem- 
perature using the techniques of the above authors. 

Oil diffusion pumps have very high pumping speeds, 
but until recently it was felt that their pressure limit was 
in the vicinity of 10-7 mm Hg. Even with a high pump- 
ing speed, the ultimate pressure is limited by the high 
value of backstreaming. Alpert [34] has shown that at 
some pressure between 1077 and 10~* mm Hg the con- 
ventional oil diffusion pump becomes a source of con- 
tamination for a “clean” vacuum system. The oil pumps 
were at first used to evacuate the systems down to 1077 
mm Hg and after the system was closed off from the oil 
pumps, the pumping action of the ionization gauge was 
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used to pump to lower pressures. Alpert [35] subse- 
quently designed a copper-foil trap, shown in Fig. 15, 
that would prevent the backstreaming of oil vapor but 
would not seriously restrict the conductance and pump- 
ing speed of the system. With the gettering action of the 
copper-eliminating backstreaming, the oil pump evacu- 
ated the system to pressures below 10~!° mm Hg. The 
copper-foil trap was effective even at room temperature 
and for periods of several months. The trap was reac- 
tivated by baking with the rest of the system. The exact 
mechanism whereby the trap adsorbs backstreaming oil 
vapor at room temperature is not fully understood, but 
with proper traps an oil diffusion pump may be used in 
ultra-high vacuum experiments. 


Fig. 15—Copper-foil trap (Alpert). 


The recent work of Biondi [36] utilizing nonrefriger- 
ated molecular sieve traps has had, and will continue to 
have, a profound impact on the use of oil pumps for 
ultra-high vacuum experiments. With these traps it is 
now possible to achieve ultra-high vacuum with oil 
pumps without the use of refrigerants for reasonably 
long times. The most popular materials at the moment 
are zeolite and alumina with some advantages being 
claimed for alumina. Harris [37] has demonstrated 
that the activity of oxide cathodes may be maintained 
for a period of several days, and perhaps longer with the 
use of alumina traps. A comparative test without 
alumina and with conventional cold trapping showed 
that a similar oxide cathode lost much of its activity in a 
comparable time. 


Ion Pumps 


The ionization gauge itself may be used for pumping, 
once the pressure has been brought to a low value. The 
pumping speed of ionization gauges is low, of the order 
of hundredths of liters per second, but with a low influx 
of gas Q the speed is sufficient for a well-baked-out sys- 
tem. Alpert [38] has demonstrated that a Bayard-Alpert 
gauge with titanium continually evaporated to the 
wall has a pumping speed of at least 20 liters/sec at low 
pressures. 
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The most important development in the last few 
years has been the advent of commercially available ion 
pumps with relatively high pumping speeds down to at 
least 10-2 mm Hg. Hall [39] reports a pressure of 107" 
mm Hg using a baked-metal system and an ion pump. 

The cold-cathode ion pump is basically a variation of 
a Penning ionization gauge consisting of a ring anode 
and two cathode plates in a magnetic field as shown in 
Fig. 4. The anode is operated at high-positive potential 
with respect to the cathode. Electrons emitted by the 
cold cathode are forced into a spiral path by the presence 
of a strong magnetic field. The increased electron path 
results in a high probability for collision and ionization 
between electrons and gas molecules. The positive ions 
then bombard the cathode and sputter metal from the 
cathode. The sputtered metal deposits in various regions 
of the tube forming stable compounds with the chemi- 
cally active gas molecules. Chemically inert gas atoms 
such as argon are also pumped, but by a different 
mechanism. In an ion pump much of the inert gas is 
initially found in the sputtered deposit on the cathode. 
Fig. 16 shows a radiograph of the cathode of a commer- 
cial two-electrode pump in which radioactive krypton 
85 has been pumped. The pump was disassembled and 
the cathode placed in contact with a photographic film 
showing that the krypton was chiefly located in the 
sputtered deposit on the cathode. 

If the ion current density on an electrode surface is 
uniform, the clean-up of inert gas on that surface is zero 
after a short period of time. Initially a small number of 
ions will be imbedded in the surface, but as soon as 
sputtering occurs, imbedded gas is released. A condition 
is soon reached in which the net clean-up rate is zero 
since the rate at which ions are driven into the newly ex- 
posed surface is just equal to the rate of release of gas 
from the surface by sputtering. If an ion current density 
gradient exists on the electrode surface, there will be a 
build-up of sputtered metal in areas of low current den- 
sity and consequently gas clean-up will occur. The 
Penning-type discharge in a two-electrode pump is 
somewhat unstable during operation, producing changes 
in the distribution of the ion current density at the 
cathode surface. This results in the resputtering of pre- 
viously sputtered metal on the cathode, and conse- 
quently in the release of gas previously cleaned up. This 
is frequently referred to as the ion pump memory effect. 
This effect is reported to be minimized by grooving the 
cathode [40]. 

Inert gases are also cleaned up at the anode to some 
extent [40], [41]. The gas is found in the metal which 
has been sputtered from the cathode. There is the ques- 
tion how the gas sticks to the anode since unexcited 
inert gas atoms are not adsorbed on the electrode sur- 
faces for long enough times at room temperature to be 
covered by sputtered metal and the ions normally do 
not have sufficient kinetic energy to reach the anode. 
There are several plausible explanations for this: 1) 
neutral inert gas atoms are excited by the discharge stick 
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Fig. 16—Radiograph showing the location of radioactive krypton 85 
in the sputtered deposit on the cathode of an ion pump. 


to the anode and are covered by sputtered metal from 
the cathode; 2) high-velocity neutral atoms produced by 
charge exchange are driven into the anode and then 
covered by sputtered metal from the cathode; 3) the gas 
ions gain sufficient kinetic energy to reach the anode 
through oscillations in the discharge; and 4) the gas is 
swept out of the space between the electrodes by the 
high flux of the metal vapor. The first two explanations 
appear more likely. Although the anode mechanism is 
less efficient than coverage of ions at the cathode, the 
clean-up is permanent because resputtering of material 
from the anode cannot occur. 

Three-electrode ion pumps have been studied in this 
laboratory [41] and elsewhere [42]. In the arrangement 
shown in Fig. 17, the third electrode is placed in a favor- 
able position to receive sputtered metal from the 
cathode. The voltage applied to this electrode is inter- 
mediate between the cathode and anode so that the 
inert gas ions are driven into it with sufficient energy to 
be embedded but not sufficient to cause appreciable 
sputtering. Thus gas cleaned up by this electrode is 
permanent. 

lon pumps offer great promise of replacing many con- 
ventional diffusion pumps. Their principal advantages 
are that the system is never exposed to contamination 
from diffusion-pump fluids and no refrigerants are 
necessary. One of their present disadvantages is the 
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difficulty of pumping large quantities of organic vapors 
of high molecular weight such as benzene and toluene at 
pressures above 10-> mm Hg. Another disadvantage is 
their inability continually to pump large amounts of gas 
at high pressure because of excessive cathode heating 
and sputtering. 
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Fig. 17—Three-electrode ion pump. 


Cryogenic Pumps 


Immersion of the whole or part of a vacuum system in 
liquid air or immersion of a trap containing charcoal in 
liquid air was a convenient way of producing low pres- 
sures in the days before the advent of diffusion pumps. 
In recent years with the need for large systems for space 
simulation and ultra-high 
vacuum, cryogenic pumping is again becoming popular. 
At liquid-helium temperatures, only helium and hydro- 


routine experiments at 


gen have appreciable vapor presseses. All other gases 
condense out on the surface of the cooled container. The 
sticking probability for most gases approaches unity as 
the temperature is lowered, and the total pressure can 
be reduced to the ultra-high vacuum range in the ab- 
sence of hydrogen or helium. If hydrogen or helium are 
present in quantities greater than monolayer amounts, 
they can be removed by other means such as ion pump- 
ing. The speed of a cryogenic pump 1s determined by 
the area of the cold surface and the conductance of the 
connecting tubing. 

For the efficient design of a cryogenic pump, it is 
necessary to reduce the radiation incident on the trap 
from the walls of the vessel. The helium trap is normally 
jacketed by liquid nitrogen. 

Cryogenic pumping shows much promise for large 
specialized system applications such as space-simulation 
chambers. The General Electric Missile and Space 
Vehicle Department in Philadelphia, Pa., is constructing 
a gigantic space simulator low-temperature 
gaseous helium-cooled walls as pumps. 


using 


ULtTRA-H1iGH VACUUM COMPONENTS 


Since mercury cutoffs, standard stopcocks, and rubber 
gaskets are not bakeable, their use in ultra-high vacuum 
systems is prohibited. Stopcock grease, mercury oF 
other fluids used in cutoffs tend to contain large amounts 
of occluded gas. This has led to the development ofa 
new line of hardware components for ultra-high vacuum 
systems. 
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Vacuum Tubes 


Alpert [35] has developed a tube (Fig. 18) which can 
withstand bakeout at ~450°C and has a sufficiently 
large conductance for ultra-high vacuum systems. 
Since then there have been many improvements in this 
general type of tube [43]. A popular commercially 
available tube is made by the Granville-Phillips Corpo- 
ration of Pullman, Wash., and is shown in Fig. 19. This 
particular tube has a conductance variable from one 


liter/sec to less than 10-" liter/sec. 
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Fig. 18—Ultra-high vacuum bakeable metal valve (Alpert). (a) Sche- 
matic diagram. (b) Tube with differential screw-driving mecha- 
nism. (c) Tube with simple screw-driving mechanism. 


Fig. 19—Granville-Phillips tube. 
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Molten-metal tubes are becoming more popular [44]. 
The advantage of this type of tube over ordinary mer- 
cury cutoffs is that the metal is a solid at room tempera- 
ture having a low vapor pressure. The metal is raised 
into the seal-off position while the tube is hot and 
then is allowed to solidify by cooling and this com- 
pletes the seal. They lack some of the convenience of 
other types of tubes, but have the advantage of sim- 
plicity. 


Demountable Seals 


The convenience of a demountable seal is often de- 
sired even in an ultra-high vacuum device. The usual 
device consists of a metal gasket crushed between two 
flanges [35], [45]. The gasket metal is selected for its 
ductility as well as its low vapor pressure at bakeout 
temperatures. Pattee [46] described a demountable 
joint which was used in a field-emission apparatus. The 
seal (Fig. 20) consists of a knife edge which seats in an 
annealed copper gasket. The knife edge is machined on 
heavy wall stainless-steel tubing. It has a 0.005-inch 
radius at the tip and a 45° wedge angle. Adjustment is 
permitted by deformation of the copper by the clamp- 
ing screws. 
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Fig. 20—Demountable vacuum seal (Pattee). 


MopERN VACUUM SYSTEMS 


A major requirement of an ultra-high vacuum system 
is that the system be capable of being baked at high 
temperatures. This is most conveniently done by having 
a furnace placed around the entire vacuum system. 
There are many possible arrangements and one which 
has been found convenient in this laboratory is shown 
in Fig, 21. Two walls of the oven are fixed permanently 
in place. These can be made of insulated stainless-steel 
or asbestos board. The vacuum components, such as 
tubes, are attached directly to the surface with flexi- 
ble glass bellows or long glass U bends inserted between 
each fixed point. Lightweight insulated aluminum 
modular ovens are placed over the system during bake- 
out and the temperature is controlled by any convenient 
pyrometer. Only a number of the heating units (Cal- 
rods) is controlled by the pyrometer and the others are 
controlled manually. If it is desired to bring the system 
quickly to temperature, the manually-controlled Cal- 
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rods are turned on. When the bakeout temperature is 
approached, these heating units are turned off and the 
automatically-controlled Calrods maintain the tem- 
perature in the vicinity of the desired value. The auto- 
matically-controlled heating units do not have enough 
power to heat the oven more than 50°C above the de- 
sired temperature. In this manner, if the controller fails 
to function, there is less danger of melting the glass- 
ware. In practice, however, the automatically-controlled 
heaters are used to bring the furnace to temperature in 
a few hours. 
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Fig. 21—Typical laboratory ultra-high vacuum system. 


The procedure is much the same whether mercury, 
oil or ion pumps are used. The system is first pumped 
to ~10-* mm Hg and a cursory check for leaks is made. 
The ovens are usually placed over the system and the 
automatic controller is set to the desired temperature. 
The entire system, including the traps, back to the 
pumps is baked at 425°C. After four or five hours at 
425°C, the furnace on the trap closest to the pump is 
shut off. With mercury pumps, the trap is cooled by a 
Dewar filled with liquid nitrogen. When alumina traps 
are used in conjunction with oil diffusion pumps, the 
trap is simply allowed to cool to room temperature. With 
ion pumps no trap is needed. A common procedure is to 
use two ion pumps in sequence, one of which is baked 
out and the other is used to pump the system during 
bakeout. When mercury or oil pumps are used the sys- 
tem is kept hot for approximately four hours after the 
traps have cooled before allowing to cool slowly to room 
temperature. The ovens are removed and the pressure 
of the system is checked with an ionization gauge, and a 
check is made for small leaks. The detection of leaks is 
quite simple in the pressure range below 107° mm Hg. 
Acetone and carbon tetrachloride, for example, applied 
to a small leak cause the positive-ion current reading 
on the ionization gauge to increase suddenly, or they 
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clog the leak temporarily and cause the current to de- 
crease. Helium and hydrogen can also be used with suc- 
cess. Measurement of the rate of rise of pressure also 
will detect a leak, and by shutting off various sections 
of the system, the leak can be isolated. Final pin-point- 
ing is usually done with the ionization gauge. If no 
leaks are found, the metal parts are outgassed at high 
temperatures by electron bombardment or by RF heat- 
ing. In some cases a second bakeout is done after the 
outgassing and pressures of 107'? mm Hg are routinely 
obtained. 


LEAK DETECTORS 


To the experimenter interested an using vacuum sys- 
tems, one of the greatest problems is leaks. Leaks may 
occur from a variety of causes, and the increasing com- 
plexity of tube design has multiplied the number of these 
causes to a great extent. The time-honored method of 
detecting leaks in glass systems by means of a Tesla 
spark coil has become obsolete with all-metal vacuum 
systems. Leak detectors involving a change in thermi- 
onic emission caused by an adsorbed layer of gas on the 
filament of a diode or ionization gauge have been used 
successfully as described in the previous section. The 
present trend in leak detection is towards the sensi- 
tive high-speed helium mass spectrometer. The de- 
velopment of a new leak detecting process using radio- 
active gas has made it possible to detect leaks in sealed 
systems or devices without destruction or opening to 
air. Some of the leak detectors of current interest are 
described below. 


Mass Spectrometers 


A very sensitive method for the detection of leaks, 
and one which also gives an indication in a minimum 
of time, was developed by Jacobs and Zuhr [47]. It in- 
volves the use of a mass spectrometer with helium 
[48], and the principle by which it operates may be 
described briefly as follows: When a beam of positive 
ions, accelerated by a potential V, is passed through a 
magnetic field of strength H, the ions are sorted out 
according to their values of e/m, where m is the mass of 
the ion and e the charge. The radius of curvature KR of 
the path of any given type of singly-charged ion is de- 
termined by 


MV 
REE Oe (6) 
H 


where R is expressed in centimeters, V in volts, 1 in 
oersteds, and M is the molar mass of the ion in grams. 

For example, for R=4.0 cm and H=1500 oersteds, 
the values of V for helium (1/=4.003) and nitrogen 
(M=14.008, since Nt is formed), are found to be 434 
and 124 v, respectively. Thus, for a given value of the 
radius of curvature, the ions reaching a collector may be 
differentiated by varying the value of V, and the mag- 
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nitude of the ion current at any given voltage setting 
will depend on the concentration of the ions in the beam, 
that is, on the rate at which the corresponding mole- 
cules leak into the spectrometer. 

For the detection of leaks, helium has been chosen as 
testing gas for the following reasons: 


1. Because of the low value of M, the rate of diffu- 
sion through a leak is greater than that of any 
other gas except hydrogen. 

2. Helium occurs in the atmosphere to the extent of 
only one part in 200,000 parts of air. 

3. There is little possibility that an ion due to any 
other gas will give an indication that can be mis- 
taken for heliuni. 


The application of the mass spectrometer to the de- 
tection of leaks has been described in two papers, one 
by Worcester and Doughty [49] and the other by 
Thomas, Williams, and Hipple [50]. 

A modern version of the helium mass spectrometer 
leak detector is shown in Fig. 22. This instrument is 
capable of detecting leaks as small as 107'° ce of air per 
sec in evacuated enclosures. Such a leak is so small that 
more than 5000 years would be required for one cubic 
inch of air at atmospheric pressure to pass through the 
opening. For pressurized enclosures leaks down to 10% 
ce per sec can be located. In this spectrometer the he- 
lium ions are deflected through 90° by the magnetic 
field. The current generated by collection of the helium 
ions is amplified and used to indicate a leak on the leak- 
rate meter and on an audible alarm. The components 
to be leak checked are connected to a manifold which is 
first exhausted by the mechanical roughing pump, and 
when the pressure, as indicated, for instance, by a ther- 
mocouple gauge connected to the test manifold is suff- 


Fig. 22—Mass-spectrometer leak detector (General Electric, M-60). 
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ciently low the throttle valve to the spectrometer tube 
is opened. A fine jet of helium is passed over suspected 
parts in each of the tubes, and the presence of a leak 
is indicated on the leak-rate meter. 

Fast leak testing is made possible with this spec- 
trometer by the incorporation of an automatic balance 
circuit. This circuit allows the leak detector to respond 
only to a rapid increase in helium signal such as ob- 
tained when a jet of helium passes near a leak. When 
large systems are being tested, large leaks are some- 
times encountered with the jet of helium which cause 
the mass-spectrometer vacuum system to become par- 
tially saturated with helium. Normally, the operator 
would have to wait a considerable time before the heli- 
um has been pumped out of the system to a point where 
leak testing can be resumed. However, with the auto- 
matic balance circuit the helium background is _ bal- 
anced out and a leak signal is given only when the 
operator passes the jet of helium near a leak. 


Radiflow Method 


A new method of leak testing hermetically-sealed 
components nondestructively by utilizing a radioactive 
gas has been described by Cassen and Burnham [51]. 
Leakage rates in the order of 10~' cc per sec can be 
measured under favorable conditions by this process 
called “radiflo.” Equipment for this leak detection sys- 
tem is manufactured by the Analytical and Control 
Division of Consolidated Electrodynamics Corporation, 
Pasadena, Calif. The basic principle involves the detec- 
tion of radioactive krypton 85 which has been allowed 
to diffuse into the leaky components. Krypton 85 has a 
half-life of 10.3 years. Over 99 per cent of the disinte- 
grations involve the emission of beta rays with a maxi- 
mum energy of 0.67 Mev, while only 0.7 per cent of the 
disintegrations give 0.54-mev gamma rays. The gamma 
emitting disintegrations are used to detect the leaks 
since the gamma rays will pass readily through most 
materials. Detection of the beta rays may be used under 
some circumstances to determine the presence of oc- 
cluded krypton on the surface of the components under 
test. The testing procedure is as follows: The com- 
ponents to be tested are placed in an activating tank 
which is then sealed. Air in the tank is evacuated down 
to approximately 2 mm Hg and diluted krypton 85 is 
pumped into the tank under pressure up to 7 atmos- 
pheres. The radioactive gas diffuses into existing leaks 
in the components. After a prescribed “soaking” period, 
which may be from several minutes to a few hundred 
hours, the krypton is pumped out of the activating tank 
and returned to storage for reuse. If the leaks follow 
Poiseuille’s Law, the quantity of krypton diffusing into 
leaky components will increase with the square of the 
pressure and linearly with time. Thus a suitable com- 
bination of krypton pressure and “soaking” time may 
be selected to give the desired sensitivity. Next, an air 
wash is circulated over the components to remove any 
residual krypton from the external surfaces. The com- 
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ponents are then removed from the activating tank. 
Those with leaks will retain some radioactive atoms 
which emit gamma radiation. This radiation is detected 
by a scintillation counter and the intensity is deter- 
mined by a ratemeter. When this radiation intensity is 
related to the conditions of the activation process, the 
leak rate may be determined. 

Some components may have absorptive surfaces such 
as organic coatings, gaskets, or insulation which will re- 
tain krypton 85 for various lengths of time after the 
pressure is released. The gamma radiation emitted by 
this absorbed gas could make the components appear as 
leakers when, in fact, they are not. A routine check of 
rejected parts with a thin-window Geiger-Miiller coun- 
ter tube for beta ray activity reveals surface contamina- 
tions. 


Halogen-Ion Detector 


Quite different in principle from all the other methods 

of leak detection described above is that involved in the 
positive-ion detector for halogen compounds which has 
been described by White and Hickey [52]. 
“Some of the earliest investigators in the field of 
thermionic emission, such as O. W. Richardson, had ob- 
served that platinum, even in air at a temperature of a 
red heat, emits positive ions, and that the rate of ion 
emission increases with temperatures according to a 
relation similar to that observed for electron emission 
from incandescent cathodes. This positive-ion emission 
is probably due mostly to the presence in the anode of 
salts of the alkali metals, although this may not be the 
correct interpretation of the mechanism of operation of 
the device described below. 

It was observed by C. W. Rice of the General Elec- 
tric Company that this emission, at any given anode 
temperature, of positive ions in air is increased very 
markedly when vapors of compounds containing a 
halogen strike the electrode surface. This observation 
forms the basis of the detector developed and described 
by White and Hickey. 

A diagrammatic sketch of the device and simple cir- 
cuit used for its operation are shown in Fig. 23. The de- 
tector consists of a platinum cylinder P which is heated 
by an insulated platinum filament /, the low voltage 
required for this purpose being supplied by the trans- 
former 7. A metal cylinder C, concentric with P, is con- 
nected through a microammeter (wA) to the negative 
end of a de source of voltage (50-500 v) while P is con- 
nected through the midpoint of the secondary of 7 to 
the positive end of the voltage source. 

In using the device for detection of leaks, air or any 
other suitable gas containing a halogen vapor is intro- 
duced into the system at a positive pressure. This posi- 
tive pressure forces the air containing the halogen 
out through the leak where it may be picked up by the 
device and is indicated by the meter in the detector cir- 
cuit. Or the detector may be sealed on the vacuum sys- 
tem in series with the pump (preferably between the 
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rough and the fine pumps). Air containing a halogen 
vapor is forced under pressure through a very small jet 
and directed at any suspected spot in the system and 
then is picked up by the detector. 

In using the detector, the temperature of the anode 
should be between 850°C and 950°C. At lower tem- 
peratures, the positive-ion emission is too small, and at 
higher temperatures the emission becomes unstable. 
Typical halogen compounds which are fairly volatile at 
room temperatures and therefore applicable in using the 
positive-ion detector are “Freon,” carbon tetrachlo- 
ride, and chloroform. 

A convenient form of the halogen-leak detector is 
shown in Fig. 24. The unit contains a power supply, 
amplifier, sensing element and an air pump. The de- 
tector probe is connected to the control unit through a 
flexible cable. Air drawn in at the probe passes through 
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Fig. 23—Schematic diagram of the thermionic detector and circuit 
used for detection of halogen compounds (White and Hickey). 
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Fig. 24—Gun-type halogen leak detector (General Electric, H-2). 
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the sensing element and is exhausted through the pump. 


Whea the probe is moved so as to pass near a leak, the. 


sudden increase of halogen gas mixing with the air go- 
ing into the probe will cause an increase in the detector 
ion emission. This current is amplified and measured 
on the leak-rate meter. The detector may be used to 
locate leaks down to 5X10-* cc/sec in an atmosphere 
with contamination up to 1000 parts of halogen gas per 
million parts of air. 

The halogen-leak detector has a special advantage in 
that no helium is required. This has given this method 
preference in instances where scarcity of helium has 
been a problem [53]. 
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